INTRODUCTION 35
The complex interplay between host and invading parasites may result in a wide range of changes both 36 in the host and in the parasite (Lefѐvre et al. 2009; Libersat et al. 2009; Hughes 2013; van Houte et al. 37 2013) . Some of these changes are adaptive to the host, e.g. when these changes prevent further 38 parasite dissemination to relatives (Bos et al. 2012) . However, some of the alterations appear adaptive 39 to the parasite, thereby enhancing parasite transmission (Lefѐvre et al. 2009; van Houte et al. 2013) . 40
Parasites, including viruses, may alter host physiology or morphology, but may also manipulate host 41 behaviour (Lefѐvre et al. 2009; van Houte et al. 2013) . Parasitic manipulation of host behaviour can 42 range from temporal changes of existing behavioural traits to the induction of completely new traits. 43
Cases of behavioural manipulation include changes in host locomotion, reproductive behaviour, 44 feeding and phototactic behaviour (Lefѐvre et al. 2009; van Houte et al. 2013) . 45
Baculoviruses are arthropod-specific viruses, mainly infecting lepidopteran larvae (Williams et al. 2016) . 46
These viruses are known to induce two behavioural changes in their caterpillar hosts: hyperactivity and 47 5 positively phototactic and showed a strong tendency to move towards light. Infected larvae died at 78 elevated positions when light was given from above, however, larvae died at low positions when the 79 light was provided from below, or when larvae were continuously kept in the dark after infection. 80
Uninfected larvae did not show phototactic behaviour, since larvae kept either in dark or in light 81 conditions behaved similarly (van Houte et al. 2014) . 82
To better understand the role of light in baculovirus-induced behavioural changes, we investigated the 83 importance of the timing of light exposure in the induction of positive phototaxis in SeMNPV-infected 84 S. exigua larvae. In this paper, we show that exposure of WT virus-infected larvae to light between 43 85 and 50 hpi is important for the induction of light-dependent tree-top disease. In contrast, exposure to 86 light prior to or after this period does not affect the vertical position of the larvae at death. 87
MATERIALS AND METHODS 88

Insect larvae and virus 89
Spodoptera exigua larvae were fed on artificial diet and kept at 27°C with 50% relative humidity as 90 described before (Smits et al. 1986 ) using a 14 L : 10 D photoperiod (7:00 lights on, 21:00 lights off). 91 SeMNPV G25, a naturally occurring WT SeMNPV strain (Murillo et al. 2006) , was used in this study. 92 Viral occlusion bodies (OBs) were amplified by infecting S. exigua fourth instars and OBs were purified 93 from dead larvae and counted using a Bürker-Türk haemocytometer as described before (van Houte 94 et al. 2012) . 95
Behavioural assays 96
Experimental design 97
Three different behavioural assays were performed (see below) and each behavioural assay was 98 executed twice as two independent replicates. For all three assays, newly moulted third instars of 99 S. exigua were infected with WT SeMNPV, using droplet feeding as described before (Han et al. 2015) . 100 6 A viral titre of 10 6 OBs/ml was used for infection, which is known to kill at least 90% of infected larvae. 101
For each treatment, thirty larvae were infected by droplet feeding. As controls, ten mock-infected 102 larvae, droplet fed with a virus-free solution, were used per assay. These mock-infected larvae were 103 included to check for possible contaminations -in all assays mock-infected larvae developed normally 104 and none of these larvae died due to a virus infection. Droplet-fed larvae were placed individually in 105 glass jars (120 mm high and 71 mm in diameter). Jars contained a cube of artificial diet (approx. 3.5 106 cm 3 ) at the bottom and were lined with sterile mesh wire to facilitate larval climbing. Jars were covered 107 with transparent plastic Saran wrap containing three small holes for ventilation. Jars were incubated 108 at 27°C with 50% relative humidity. The vertical position where the infected larvae died was recorded 109 at five days post infection. Larvae that did not die following virus infection (survived despite being 110 droplet fed with virus or died of other causes) were excluded from analyses (14 out of 840 infected 111 larvae from three behavioural assays). 112
Behavioural assay 1: light from above, from light to dark conditions 113
To determine the time point at which light was needed to trigger positive phototaxis, groups of thirty 114 larvae were switched from normal day/night intervals to dark conditions at different time points post 115 infection. In this assay, if light was used, it was applied from above using three luminescent tubes (18 W 116 each), which were placed 30 cm above the jars containing the larvae. The side and bottom of the jars 117 were covered with aluminium foil and the jars were placed in a black box to block light from other 118 directions than from above. Five different experimental treatments were used: larvae of group 1 (Gr 119 In the third behavioural assay we aimed to determine whether light at the beginning of the infection 135 is needed for SeMNPV-induced tree-top disease. Larvae were first kept under complete dark 136 conditions, after which they were switched to a normal light/dark regime. In this assay light was 137 applied from above as described in behavioural assay 1. Three different experimental conditions were 138 used: larvae of Gr 1 ( Fig. 2A) and experiment (two replicates) were used as explanatory factors and it was determined whether 146 these factors affected the vertical positions of the larvae at death. Since most larvae died as third instar 147 (or during moulting from third to fourth instar), larval stage was excluded as a factor. 148 8
RESULTS
149
Light between 43 and 50 hpi triggers SeMNPV-induced tree-top disease 150
To investigate during which time period after infection light was needed for SeMNPV-induced tree-top 151 disease, we performed a behavioural assay using virus-infected larvae exposed to different light : dark 152 (L : D) regimes (using light from above). Results showed that light between 43 (7:00 hrs at day 2 post 153 infection) and 50 hpi (14:00 hrs at day 2 post infection) was essential to trigger tree-top disease and 154 light after 50 hpi was not needed for tree-top disease. Larvae kept under complete dark conditions 155 from the start of the experiment (Gr 1 in Fig. 1B did not affect the larval position at death: larvae of these treatments also died at high positions (Fig.  162 1B) (Gr 3 (n = 59) versus Gr 4 (n =58) and Gr Ca (n = 60); T-test = 0.738 and 1.276, respectively; d.f. = 163 288; p = 0.461 and 0.203, respectively). There was no significant difference between the two replicates 164 (T-test = 1.039; d.f. = 288; p = 0.300). We conclude that light between 43 and 50 hpi was important to 165 trigger SeMNPV-induced tree-top disease and light after 50 hpi did not have a measurable influence 166 on the outcome of tree-top disease. 167
The direction of light is important for tree-top disease 168
To determine whether the direction of light was important during the time period determined in assay 169 1, the behavioural assay was repeated with light applied from below. Two control groups, kept under 170 a normal light: dark regime (14 L : 10 D), were included, one using light from above (Ca) and one using 171 light from below (Cb). Larvae of control group Ca died at high positions (Fig. 1C) as expected, indicating9 that infected larvae still reacted to light in this experiment. Larvae of all other treatments died at low 173 positions (Gr 1 to 4 and Cb in Fig. 1C ), also when receiving light from below during the period 174 determined in assay 1 as being crucial for the induction of tree-top disease when light was applied 175 from above (all differences when making comparisons between Gr 1-4 and Cb are non-significant (T-176 test < 1.7 and p > 0.08 for all comparisons; d.f. = 348, Table S1 ); Gr Ca is significantly different from Gr 177 1-4 and Cb (T-test > 5.9 and p < 0.001 for all comparisons; d.f. = 348, Table S1 ). This finding indicates 178 that the direction of light during this period (43 to 50 hpi), is crucial and tree-top disease is only 179 observed if light is applied from above during 43 to 50 hpi. The two replicates of this experiment were 180 not significantly different from each other (T-test = 0.927; d.f. = 348; p = 0.355). 181
Light between 0 and 43 hpi is not needed for tree-top disease 182
We also studied whether additional light exposure between 0 and 43 hpi was needed to trigger tree-183 top disease. Therefore, infected larvae were first kept in darkness until 43 hpi, after which light was 184 applied from above following a 14 L : 10 D period (Gr 2, Fig. 2 ). Data showed that infected larvae 185 exposed to these conditions (Gr 2, same time span (43 to 50 hpi) larvae stayed at the bottom until death (behavioural assay 2). In both 213 experiments the infected larvae moved towards the direction where the light came from in the 214 induction period (between 43 and 50 hpi), though during climbing (57 to 67 hpi) they were in the dark. 215
An alternative explanation is that the larvae somehow 'remember' the direction of the light (present 216 during the trigger period) when they are climbing (during the night when light is absent). 217
Previous studies showed that the egt gene from SeMNPV is involved in SeMNPV induced tree-top 218 disease in S. exigua indirectly: most WT-infected larvae climbed to and died at elevated positions 219 between 57 and 67 hpi when light was provided above. The current experiments suggest that before 220 the actual climbing, pathways for positive phototaxis have been activated. However, larvae infected 221 11 with the SeMNPV virus lacking the egt gene have been shown to start dying from 43 hpi and most of 222 these larvae already died before 57 hpi before actual climbing started in WT-infected larvae. Due to 223 this earlier death, larvae infected with the egt-minus virus did not reach the point of climbing, although 224 the pathways for positive phototaxis might have been activated also in the egt-minus virus infected 225 larvae (Han et al. 2015; Ros et al. 2015) . 226
Though phototaxis has been observed and studied in many insect species, the underlying mechanisms 227 are still not completely understood. In general, insects sense light of certain wavelengths using their 228 photoreceptors (Castrejon and Rojas, 2010; Yamaguchi and Heisenberg, 2011; Otsuna et al. 2014; Sun 229 et al. 2014; ) . Neuron cells can sense the output from photoreceptors and deliver the signal to the 230 insect's central nervous system (CNS). In the CNS, different pathways might be triggered that finally 231 lead to the phototactic behaviour. However, the trigger appears to differ among different insect 232 species. For example, lepidopteran larvae and moths show a strong preference for green and blue light 233 (520 and 460 nm in wavelength) (Castrejon and Rojas, 2010; Sun et al. 2014) , while the fruit fly 234
Drosophila melanogaster prefers light with shorter wavelength, like ultraviolet (UV) light (400 nm in 235 wavelength) (Fischbach, 1979; Otsuna et al. 2014) 
